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ruptured or unruptured intracranial aneurysms
worldwide 1,2. A critical limitation of this system
is a possibility of aneurysm recanalization, par-
ticularly in wide-necked or large/giant aneu-
rysms 1,3,4. Even in densely packed aneurysms,
the cavities are filled with only 20% to 30% of
platinum, with the remaining 70% to 80%
filled with thrombus 5.

Chitin is a linear homopolymer of ß(1,4)-lin-
ked N-acetyl-D-glucosamine, and chitosan is a
partially deacetylated chitin. Chitin and chi-
tosan have been proposed as biomaterials with
a range of biomedical and industrial applica-
tions attributable to their biocompatibility 6.
Chitosan was observed to accelerate wound
healing 7-10 by inducing infiltration of inflamma-
tory cells into the wound area 9,10, activation of
macrophages 11, and production of cytokines 12,13,
and by its anti-infection activity. Application of
ultraviolet (UV) irradiation to a photocros-
slinkable chitosan (Az-CH-LA) aqueous solu-
tion resulted within 10 s in an insoluble, flexible
hydrogel.The chitosan is a viscous solution, able
to crosslink upon ultraviolet light (UV) irradia-
tion. The chitosan hydrogel is a stronger tissue
adhesive when compared with fibrin glue. It ef-
fectively seals air leakages from lung or trachea
and completely stops bleeding from a pinhole
of rabbit carotid artery within 10 s of UV irradi-
ation 14. Furthermore, the gel has been found to
induce wound contraction and healing 15.

Summary

The purpose of this study was to evaluate the
feasibility of photocrosslinkable chitosan as an
embolization material for aneurysms. Three ex-
perimental aneurysms were created in three
Japanese white rabbits. All of the aneurysms
were packed with chitosan hydrogel.

Histopathologic data were analyzed on two,
seven, and 30 days after embolization. Unorga-
nized clots and minimal inflammation around
the applied chitosan hydrogel were observed
two days after implantation. After seven days,
the chitosan was reduced and inflammatory re-
sponse appeared. At 30 days, most of the aneu-
rysm lumen was replaced with inflammatory
cells, and the remaining chitosan was not ob-
served. Severe complications such as anaphylax-
is did not occur after the embolization with the
chitosan. These results suggest that photocros-
slinkable chitosan might be a candidate for an
embolization material for endovascular treat-
ment of cerebral aneurysms.

Introduction

Current therapeutic management of cerebral
aneurysms includes endovascular embolization
as an alternative to standard surgical clipping.
The Gudlielmi detachable coil has become the
gold standard for the endovascular occlusion of
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We previously reported the laser-dispensed
ultraviolet light (UV) irradiation successfully
prevented the development of experimental
vasospasm of in the rabbit common carotid
artery(CCA) model 16,17. For possible clinical ap-
plication, we also previously developed an opti-
cal fiber technique in which the artery is irradi-
ated with UV light in a cylindrically symmetric
pattern via an endovascular approach 17. Using
the optical fiber, endovascular UV irradiation
is able to convert the Az-CH-LA aqueous solu-
tion to an insoluble, flexible hydrogel. The pur-
pose of this study was to evaluate the pho-
tocrosslinkable chitosan as an embolization
material for aneurysms.

Methods

Photocrosslinkable chitosan molecules (Az-
CH-LA) have been prepared as previously re-
ported 18. The chitosan used in this study had a
molecular weight of 800 to approximately 1000
kDa, with a deacetylation ratio of 0.8 (Yaizu
Suisankagaku Industry Co., Ltd., Shizuoka,
Japan). For the first condensation reaction, chi-
tosan (125 g) was added to 3L (pH = 4.75) of 50
mM of TEMED (N, N, N’, N’- tetramethyleth-
ylenediamine; Wako Pure Chemical Industry,
Ltd., Japan) containing 56.25 mL of concentrat-
ed HCl. Then EDC [32.5 g, 1-ethyl-3-(3-di-

methylaminopropyl) carbodiimide; Wako Pure
Chemical Industry] and 4-O-ß-D-galactopyra-
nosyl-(1,4)-D-gluconic acid (0.25 g of lactovio-
nic acid; Wako Pure Chemical Industry) were
added. This mixture was stirred at room tem-
perature for 24h, followed by an ultrafiltration
membrane passing unreacted substances below
10 kDa (Diaflo Ultrafilters YM10, Amicon,
Ontario, Canada). Finally, a powder of lactose-
linked chitosan (CH-LA) was obtained by fre-
ezedrying. It has been estimated by a conven-
tional phenolsulfuric acid colormetric assay for
carbohydrate that about 2% of amino groups
in the chitosan molecule were replaced by lac-
tobionic acid. Subsequently the product (CH-
LA, 1 g), EDC (0.35 g), and 4-azidobenzoic
acid (0.2 g; Tokyo Chemical Industry Co., Ltd.,
Japan) were added to 100mL of 50mM of the
TEMED solution. The mixture was stirred at
room temperature for 72h. Condensation and
purification steps to obtain the photocrosslin-
kable chitosan (Az-CH-LA) were carried out
as described above. It has been estimated by
specific absorbance (275 nm) and NMR of FI-
IR spectrum of azidobenzoic acid (data not
shown) that about 2.5% of amino groups in the
chitosan molecule were replaced by azidben-
zoic acid.

Azide (p-azidebenzoic acid) and lactose (lac-
tobionic acid) moieties have been introduced

Figure 1 A) Low-magnification light microscopy view of a chitosan-
treated aneurysm two days after embolization (H&E, original magni-
fication X4). B) High-magnification light microscopy view of a chi-
tosan-treated aneurysm two days after embolization (H&E, original
magnification X40). Unorganized clot and minimal inflammation was
present around the chitosan hydrogel in the sac of the aneurysm treat-
ed with chitosan.
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through the condensation reaction with amino
groups. The introduction of lactose resulted in a
water-soluble chitosan at neutral pH values. It
has been estimated that about 2.5 and 2.0% of
the amino groups in the chitosan were substi-
tuted with p-azide benzoic acid and lactobionic
acid, respectively. A viscous Az-CH-LA aque-
ous solution (30-5 mg/mL) has been converted
into an insoluble hydrogel within 10 s upon UV
irradiation at a lump distance of 2 cm through
crosslinking of azide and amino groups of the
Az-CH-LA molecules.

Three Japanese white rabbits of either sex,
between 2.5 and 3 kg each, were used in this
study. The experimental protocol was evaluated
and approved by the University of Nagoya An-
imal and Ethics Review Committee. Anesthesia
was induced with an intramuscular injection of
25 mg/kg sodium pentobarbital. Sodium pento-
barbital solution was administered as a supple-
mental anesthesia as needed. The animals were
allowed to breathe room air spontaneously. A
longitudinal skin incision, measuring 4 cm in
length, was made at the midline in the cervical
area in each animal. Both common carotid
artery (CCA) and ipsilateral internal jugular
vein (IJV) in the animals were exposed and dis-

sected free from any loose connective tissue.
Small vascular clamps were then placed at each
end of the isolated CCAs and IJVs to achieve
temporary vessel occlusion. Using microsurgi-
cal technique, the CCAs and the IJVs were
anastomosed side to side, and the insoluble hy-
drogel were inserted into the IJVs, and the
both ends of the IJVs were ligated. Thus, exper-
imental lateral aneurysms were embolized by

A

B

Figure 2 A) Low-magnification light microscopy view of a chitosan-treated aneurysm seven days after embolization (H&E,
original magnification X4). B) High-magnification light microscopy view of a chitosan-treated aneurysm seven days after
embolization (H&E, original magnification X40). The volume of chitosan was reduced and moderate inflammatory reaction
was present.
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the chitosan hydrogels. The animals were sacri-
ficed on 2, 7, and 30 days by using a lethal in-
jection of pentobarbital. The aneurysms were
removed and placed in 10% neutral buffered
formalin. To prepare samples for light mi-
croscopy, the aneurysms were embedded in
paraffin. Next, the sections were stained with
hematoxylin and eosin.

Results

The severe complications such as anaphylax-
is did not occur after packing of chitosan into
the aneurysm lumen. The animal that died 2
days after implantation exhibited unorganized
clot and minimal inflammation around the chi-
tosan in the sac of the aneurysm treated with
the chitosan. On seven days, chitosan was re-
duced and inflammatory response was in-
creased compared with the findings on 2 days.
On 30 days, most of the aneurysm lumen was
replaced with inflammatory cells, and chitosan
was almost absent.

Discussion

In this study, we showed feasibility of aneu-
rysm embolization with photocrosslinkable and
bioadsorbable chitosan hydrogel. A noticeable
limitation of endovascular occlusion of an in-
tracranial aneurysm with GDCs is the potential
risk of aneurysm recanalization. Platinum GD-
Cs produce a mild biological response when
delivered into an aneurysm. Experimental and
clinical reports of aneurysms embolized with
GDCs have demonstrated a limited cellular re-
action induced by platinum coils 5,19,20. The pres-
ence of an unorganized clot within the aneu-
rysm does not provide strong anatomic support
for GDCs in the early phases of treatment.
Controlled biological cellular response to the
presence of intra-aneurysmal embolic material
is another promising method that may improve
acute and long-term morphological outcomes
in aneurysms embolized with this type of em-
bolic materials. Murayama et Al applied the
concept of tissue engineering to aneurysm ther-

Figure 3 A) High-magnification light microscopy view of a chitosan-treated aneurysm 30 days after embolization (H&E, orig-
inal magnification X40). Most of the aneurysm lumen was replaced with inflammatory cells, and chitosan was almost absent.
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apy using bioabsorbable polymeric material
(BPM), and developed a newly designed hybrid
platinum/BPM coil (Matrix). Though the use of
Matrix accelerated aneurysm healing and
might decrease and probably prevent aneurys-
mal recanalization after endovascular treat-
ment of cerebral aneurysms, platinum coils are
not bioabsorbable and remains permanently in
the lumens of the aneurysms. Onyx (Micro
Therapeutics, Inc., Irvine, CA, USA), which is a
liquid embolic material designed for endovas-
cular use, might produce occlusion rates that
are significantly better than the reported en-
dovascular occlusion rates achieved with exist-
ing coil devices. However, there is a significant
incidence of delayed occlusion of the parent
artery, when the material spilled into the parent
artery, or when there was extensive reconstruc-
tion of the parent vessel in very wide-neck
aneurysms 21. As chitosan has comparatively
high viscosity, it might be less dangerous than a
liquid material in spilling into the parent artery,
while a system to deliver the chitosan to aneu-
rysm lumen safely and easily should be re-
quired. Chitosan originates from crustacean
such as shrimps and crabs, and is absorbed by
phagocytic cells and aneurismal cavity is re-
placed with the inflamed tissue.

Chitosan has been proven to be safe in stan-
dard animal toxicologic studies. Chitosan has
been used in food and skin wound manage-
ment 22. Azide residues may be toxic and highly
reactive to tissue components, such as proteins.
However, with a complete crossreaction of
azide residues to amino groups, this toxic effect
may disappear. Our previous results in mice al-
so indicated that the Az-CH-LA aqueous solu-
tion and the chitosan hydrogel were found to
be safe. Mice administered about 1200 mg/kg of
the Az-CH-LA solution (n = 6) intraperito-
neally all survived the entire one month obser-
vation 18. Cytotoxicity has not been observed
with in vitro assays. In addition, preliminary
toxicity tests of mutagenecity and cytotoxicity
have shown the safety of both Az-CH-LA and
its hydrogel (data not shown). Furthermore,

subcutaneously implanted chitosan hydrogels
were not detected at the site of implantation
even after one month. These results suggest the
safety of Az-CH-LA and chitosan gels in med-
ical use. In order to fully evaluate its safety in
practical use, however, the in vivo properties of
chitosan gels, such as biodegradation, induction
of inflammation, antigenicity, and adhesiveness
to tissues, should be investigated in detail using
appropriate animal models. However, sufficient
data are not yet available on the complete tox-
icity profile of Az-CH-LA aqueous solutions
and chitosan hydrogels in humans, and stan-
dard toxicologic studies should be performed
before this chitosan hydrogel is used as an em-
bolization material.

Ultraviolet light (UV) irradiation has imm-
nosuppressive and/or anti-inflammatory prop-
erties. Inflammation has long been suspected to
play an important role in the development of
cerebral aneurysm after subarachnoid haemor-
rhage. On the basis of these observations, we
hypothesized that irradiation with UV light
could be one of the treatment modalities for
cerebral vasospasm after subarachnoid haem-
orrhage, and we have previously reported the
preventive effect of UV irradiation 16,23. In order
to anticipate possible clinical application, we
developed an optical fiber technique in which
the artery is irradiated with UV light in a cylin-
drically symmetric pattern via endovascular ap-
proach 17. The advantage of UV irradiation via
endovascular approach is not only to convert a
viscous aqueous solution into an insoluble hy-
drogel, but also to prevent the development of
delayed vasospasm.

Conclusions

This preliminary animal study shows that the
experimental aneurysm lumen embolized with
photocrosslinkable chitosan hydrogel was re-
placed with products induced by inflammatory
response. Chitosan might be feasible as an em-
bolization material for endovascular treatment
of cerebral aneurysms.
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